A compact quad band antenna for long-term evolution (LTE) MIMO and WLAN application in the handset is presented in this paper. The proposed antenna comprises two symmetrical quarter wavelength radiating strips and a slotted ground plane. On the ground plane, a T-shaped slot is cut from the bottom. Two symmetrical P-shaped slots are etched at both sides of the ground plane. The radiating strips and slots generate a lower resonant at 780 MHz and an upper resonant at 2.350 GHz to cover LTE 700 Band 14, LTE 2300, 2.4 GHz WLAN, and LTE 2500. A novel isolation technique by placing a rectangular patch between the radiating strips is presented. The rectangular patch creates a dedicated current path for each radiating strip. The proposed antenna has high isolation of less than −18 dBi at LTE 2300, 2.4 GHz WLAN, and LTE 2500 band.
Introduction
In this information age, the usage of mobile handsets has become more important to transfer information across the globe instantly. With the growing usage of the mobile handset to transfer information, the development of handset antenna to support all the features of the mobile handset has become crucial. Due to the miniaturization of handsets, it is desirable for the antenna to be of compact profile and simple structure [1] . A low profile planar structure antenna that has wide bandwidth is proposed in [2] . In [3] , a single-layer substrate antenna fed by a coplanar waveguide (CPW) is proposed. The single element antenna proposed in [4] is compact and occupies a small volume. Slot antennas are popular due to its low profile and planar structure. Many proposed antennas achieve wide bandwidth by cutting slots in the ground plane [5, 6] .
Over the last few years, many countries have adopted the long-term evolution (LTE) standard. The reason of the rapid growth of the LTE standard is because of its ability to fulfil the high demand of mobile data traffic. LTE can deliver data at the rates of at least 100 Mb/s downlink and 50 Mb/s uplink [7] . Multiple input and multiple output (MIMO) technology is used to enhance the channel capacity of the LTE communication system. Antenna arrays are usually used in MIMO communication systems. The most important factor of a good MIMO antenna is low mutual coupling between the antenna arrays. Good isolation between multiple antennas is more difficult to achieve with the requirement of the handset antenna size being as compact as possible. One of the techniques to achieve high isolation between two folded monopole antennas is by adding a vertical ground wall as shown in [8] . In [9] , the mutual coupling between multiple antenna elements is reduced by cutting split-ring slots inside two reversely connected rectangular patches.
The allocation of the 700 MHz band for LTE 700 makes the design of a compact MIMO antenna for LTE 700 application more challenging. This is because the quarter wavelength of 700 MHz is much bigger than the size of a typical handset. LTE 700, LTE 2300, and LTE 2500 are the most commonly used LTE bands around the world especially in Europe, United States, and Asia regions. The development of an LTE MIMO antenna that can cover all three bands is very much in demand. Many LTE antennas [10] [11] [12] have been proposed, but most of these antennas either cannot be used for MIMO applications or cannot cover LTE700/2300/2500. In [13] , the antenna can operate in LTE 700, LTE 2300, and LTE 2500 but does not have MIMO characteristics. The antenna proposed in [14, 15] could be used for LTE 700 MIMO application but could not operate in LTE 2300 and LTE 2500 bands. In order to achieve LTE MIMO operation in the LTE700/2300/2500 bands, the common approach is to use an auxiliary antenna such as in [16] . These designs have complex configuration and usually have a large size. For example, a MIMO folded monopole antenna with the size of 50 mm × 20 mm 2 for LTE 700, LTE 2300, and LTE 2500 applications is presented in [17] .
In order to cover LTE 2300 and LTE 2500, techniques to widen the upper bandwidth must be taken into consideration in the antenna design. There are many broadbanding techniques proposed such as using a circular ring-shaped radiator [18] . The antenna proposed in [19] is compact sized and wideband. The compact size of the antenna is achieved by the circular ring-shaped structure. Antenna design optimization technique such as particle swarm optimization is effective in improving the bandwidth such as shown in [20] .
In this paper, a MIMO antenna that covers LTE 700, LTE 2300, 2.4 GHz WLAN, and LTE 2500 is presented. By folding the quarter wavelength radiating strips, the size of the antenna is reduced significantly. The novel isolating International Journal of Antennas and Propagation patch placed between the radiating strips reduces the mutual coupling between the two ports for over than 18 dB at the upper band. The proposed antenna in this paper has a much simpler structure and smaller size compared to [16, 17] . The following section of this paper discusses the antenna design in detail. The results and the parametric study done on the proposed antenna are presented in the next section. The conclusion is provided in the last section.
Antenna Design
The proposed LTE MIMO antenna occupies a small area of 21 × 40 mm 2 on a total printed circuit board (PCB) size of 99 × 40 mm 2 as shown in Figure 1 . It is printed on a 1.6 mm thick FR4 substrate with dielectric constant of 4.6 and loss tangent of 0.02. On the front side of the antenna, two symmetrical radiating strips are placed at both sides of a rectangular patch. Each radiating strip is connected to the ground plane by a shorting pin with a distance of 3 mm from the bottom of the antenna. It is fed by a 50 ohm SMA coaxial probe. The radiating strips can be separated into four arms: A, B, C, and D as depicted in Figure 2 . Arms A, B, and C resonate at the lower band while Arm D resonates at the upper band. The total length of the three arms (A, B, and C) of the radiating strips is 48 mm which is about quarter wavelength of 780 MHz. Arm D has a length of 15 mm that is around quarter wavelength of 2.350 GHz. The current distribution of the front view of the proposed antenna at 780 MHz and 2.350 GHz is illustrated in Figure 3 . At 780 MHz, the current distribution is concentrated at Arms A, B, and C of the radiating strip as shown in Figure 3(a) . On the other hand, a high concentration of current is observed at Arm D of the radiating strip at 2.350 GHz as depicted in Figure 3 (b). Two symmetrical P-shaped slots are etched on both sides of the ground plane and are coupled by the radiating strips. The P-shaped slots play a significant role to achieve the lower resonant at 780 MHz and upper resonant at 2.350 GHz. In  Figures 4(a) and 4(b) , the current distribution of the back view of the proposed antenna at 780 MHz and 2.350 GHz is shown, respectively. It can be seen that the areas surrounding the P-shaped slots have very high concentration of current.
In order to improve the isolation of the proposed antenna, a rectangular patch is placed in between the two radiating strips. The purpose of this rectangular patch is to provide a dedicated current path for each radiating strip to flow. It can be seen in Figure 3 that the current flow follows two independent circular paths inside the rectangular patch. The current flowing from Port 1 follows the circular path on the right side of the rectangular patch and vice versa. Hence, the current waves from Port 1 will not flow to Port 2 which reduces the mutual coupling between the two ports. A Tshaped slot which is cut at the bottom of the ground plane acts as a parasitic element to further reduce the isolation at LTE 700 band. The two arms of the T-shaped slot limit the area current flow. Therefore, a very high concentration of current at left and right arms of the T-shaped slot can be observed in Figure 3(a) . IE3D electromagnetic simulator tool is used to design and optimize the dimensions of the radiating line, rectangular patch, and slots.
Result and Analysis
In this section, the results of the proposed antenna and parametric study are presented. Figure 5 shows the S-parameter characteristics of the proposed LTE MIMO antenna satisfying VSWR 3 : 1 (−6 dB) for LTE 700 Band 14 (758 MHz-798 MHz), LTE 2300 (2.305 GHz to 2.400 GHz), LTE 2500 (2.500 GHz to 2.690 GHz), and 2.4 GHz WLAN (2.400 GHz to 2.484 GHz). Due to the symmetrical characteristics of the proposed antenna, the -parameter results for Port 2 are similar to Port 1 and are not shown in this paper. At the lower band, the 11 covers from 753 MHz to 800 MHz. On the other hand, the upper band has a wide bandwidth of 482 MHz covering from 2.218 GHz to 2.700 GHz. From Figure 5 , it is shown that the proposed antenna has high isolation at 2.300 GHz with 12 of −33.52 dB. Overall, the 12 at the upper band is less than −18.00 dB whereas at the lower band the isolation is less than −7.54 dB.
To demonstrate the effects of the isolating rectangular patch, the current distribution at 2.350 GHz with and without the rectangular patch is shown in Figure 6 . It can be observed in Figure 6 (a) that the current distribution at Port 2 radiating strip is quite high. In Figure 6 the presence of the rectangular patch, the current flow follows a loop-shaped path. This phenomenon reduces the mutual coupling between the two radiating strips considerably. As shown in Figure 7 , at 2.5 GHz, the 12 without isolating patch is −15.68 dB whereas the 12 with isolating patch is reduced to −20.59 dB. Figure 8 shows the current distribution without the Tshaped slot at 780 MHz. It can be seen that the current waves are dispersed to the entire area of the bottom ground plane. As shown in Figure 4 , with the addition of the T-shaped slot, the currents are restricted to follow a narrow path on top of the T-shaped slot. As depicted in Figure 7 , by adding the isolating patch and T-shaped slot, the 12 at 780 MHz has improved to −7.54 dB.
In Figures 9 and 10 , the surface current distribution of each port is shown. It can be observed in Figure 9 that the current is concentrated at Port 1 when only Port 1 is fed. At Port 2, the current distribution is little. The current distribution when only Port 2 is excited is shown in Figure 10 .
It can be found that the current distribution is concentrated at Port 2 whereas there is little current distribution at Port 1.
The radiation patterns at the frequency 2.350 GHz are shown in Figure 11 . It can be observed that the radiation pattern of Port 1 antenna is omnidirectional. Figure 12 shows the gain of the proposed antenna. The maximum gain of the antenna is 1.553 dBi at 2.412 GHz.
Conclusion
A compact size LTE MIMO antenna is presented in this paper. The combination of the two quarter wavelength radiating elements with the P-shaped slots on the ground plane generates two resonances at 780 MHz and 2.350 GHz. A novel isolating patch is placed in between the two symmetrical radiating lines to improve the isolation at the upper band. To reduce the mutual coupling at the lower band, a T-shaped slot is cut from the bottom of the ground plane. The proposed antenna has a small size, good isolation characteristics, and wide bandwidth. It is suitable to be used in handsets for LTE 700, LTE 2300, LTE 2500, and 2.4 GHz WLAN application.
